Introduction
As development of DNA sequencing technologies have progressed, metagenomics has become a popular approach to microbial analysis. Metagenomics is a DNA sequencing approach in which a large amount of genomic DNA is randomly sheared and shotgun sequenced. Several recent studies have used a metagenomic approach to examine microbial roles in oral diseases. In this review we discuss hypotheses regarding the role of bacteria and recent metagenomic studies aimed at elucidating bacterial roles in oral diseases. We also discuss current and potential applications of metagenomics in oral microbiology.
Oral microorganisms are important for human health Oral diseases, such as periodontal disease and dental caries are some of the most prevalent infectious diseases of humans. Oral diseases affect nearly all ages, all geographic locations, and all races of people worldwide. 1, 2 It is reported that up to 90% of the population are affected by periodontal disease. 1, 3 According to WHO reports, dental caries affects 60-90% of schoolchildren even in developed countries (http://www.who.int/oral_health/ publications/report03/en/index.html). Oral diseases are associated with multiple microorganisms of different species in a polymicrobial milieu. The contiguous environment of the oral cavity supports a complex oral community. [4] [5] [6] [7] [8] [9] [10] [11] More than 700 species are estimated to occur in the human oral cavity and many of them are uncultivated bacteria. 6, 8 Periodontal disease arises from bacterial infection of periodontal tissues causing gingivitis and periodontitis. Gingivitis involves gum tissue but does not affect the underlying supporting structures of the teeth. In contrast, periodontitis is an inflammatory disease extending deep into the tissues, which causes loss of supporting connective tissue. Periodontitis can result in loss of connective tissue and bone support, and is a major cause of tooth loss in adults. 3 Caries, or dental decay, is the ruin of tooth structure by oral bacterial acids produced from microbial fermentation of dietary debris. 12 Three features of bacterial species are involved in caries development including biofilm formation, acid production, and acid tolerance. 13 Many acidogenic and aciduric bacteria are involved in caries, including Streptococcus mutans and Streptococcus sobrinus, collectively known as mutans streptococci, as well as lactobacilli and other aciduric strains of non-mutans streptococci. 14 Bacteria inhabit a biofilm (or plaque) in the oral environment. Biofilm is formed by the adherence of a group of microorganisms to surfaces of both hard and soft tissue in the oral cavity. The bacterial cells of a biofilm are attached to one another and are surrounded by extracellular polymeric substances including exopolysaccharides. Current evidence suggests that biofilm formation is an essential characteristic of these oral infectious diseases. Periodontal diseases can often be resolved by good oral hygiene to eliminate biofilm. Biofilms begin to develop on the teeth within a few hours in the absence of oral hygiene maintenance (such as tooth brushing), and gingivitis may result in 10 to 21 d. In cases Oral diseases including periodontal disease and caries are some of the most prevalent infectious diseases in humans. Different microbial species cohabitate and form a polymicrobial biofilm called dental plaque in the oral cavity. Metagenomics using next generation sequencing technologies has produced bacterial profiles and genomic profiles to study the relationships between microbial diversity, genetic variation, and oral diseases. Several oral metagenomic studies have examined the oral microbiome of periodontal disease and caries. Gene annotations in these studies support the association of specific genes or metabolic pathways with oral health and with specific diseases. The roles of pathogenic species and functions of specific genes in oral disease development have been recognized by metagenomic analysis. A model is proposed in which three levels of interactions occur in the oral microbiome that determines oral health or disease.
of uncomplicated gingivitis, complete tooth cleaning treatment can return the gingival tissue (gums) to a healthy condition in about 1 wk. 3 The initial step in biofilm development is adhesion of pioneering microorganisms to the tooth surface. 15 Streptococci are the most recognized pioneering colonizers 16 -for example, S. sanguinis has been isolated from freshly cleaned tooth surfaces within 4 h. 17 These pioneering streptococci provide signals and metabolites that attract subsequent bacterial species and enable them to colonize. 15 The microorganisms that follow the pioneers interact with not only the pioneer colonizers but also with each other to form the mature biofilm. Some of these later microorganisms are pathogens that can instigate inflammation and cause infectious disease. For example, Aggregatibacter actinomycetemcomitans, 18 Fusobacterium nucleatum, 19 Porphyromonas gingivalis, 20 Prevotella intermedia, 21 Tannerella forsythia, 22 and Treponema denticola 23 are found in biofilms and appear to play a role in the development of periodontal disease.
Oral infectious pathogens have been associated not only with inflammation in the oral cavity but also with multiple systemic diseases 24, 25 such as infective endocarditis, 26, 27 bacterial pneumonia, 28 diabetes, 29 adverse pregnancy outcomes, 30 rheumatoid arthritis, 31 inflammatory bowel disease, 32 and colon cancer.
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Roles of microorganisms in oral infection
The composition of oral microorganisms depends on multiple factors including lifestyle (e.g., diet, oral care habits), health (e.g., oral diseases, host immune responses, genetic susceptibility), and/or physical location in the oral cavity (tongue or tooth surfaces, as well as supragingival or subgingival sites). 34 The original hypothesis put forth to explain the role of microorganisms in oral diseases was the non-specific plaque hypothesis, proposed by Schultz-Haudt et al. 35 in 1954 and Macdonald et al. 36 in 1956, which postulated that accumulation of any microorganisms (or non-specific species) in the biofilm played a role in causing inflammation. In the absence of tooth brushing, Theilade 37 found that a complex biofilm, which contained more than 200 different species, was present on the gingival tissues of patients. The numbers of bacterial cells increased and the distribution of bacterial species shifted as destructive periodontitis developed, but no single species appeared in active sites or in inactive sites. A second hypothesis, proposed by Loesche 38 in 1979, the specific plaque hypothesis, suggested that specific species were involved with periodontal disease. This hypothesis was based on the fact that multiple studies had identified particular bacterial species, which occurred in large numbers in samples from diseased tissues of patients. Specific immune responses against these bacteria were also found in the patients. 38 A third hypothesis, proposed by Marsh in 1994 for explaining bacterial roles in caries and periodontal diseases, the ecological plaque hypothesis, 39 postulated that both microorganisms and environmental factors were causative elements of periodontal disease. It was shown that a relatively balanced composition of bacterial species in biofilm (microbial homeostasis) could be significantly shifted, leading to disease, as a consequence of environmental changes. For example, changes in sugar intake, diet, or pH can change the balance of microbiota shifting the biofilm composition toward cariogenic species. In a low-pH environment, the proportions of potentially cariogenic species, such as mutans streptococci and lactobacilli, will increase. Dr Marsh proposed that oral diseases can be prevented not only by targeting the pathogenic species but also by interfering with the processes that drive the breakdown of homeostasis. A fourth hypothesis, which has been put forth recently, is the polymicrobial synergy and dysbiosis (PSD) hypothesis for explaining bacterial roles in periodontal diseases. 40 This comprehensive hypothesis postulates that oral diseases are initiated by a synergistic and dysbiotic microbial community rather than by specific oral pathogens. Different members of polymicrobial communities, which in aggregate represent a specific genetic combination, work together to shape and stabilize a disease-provoking microbiota. Certain infectious bacterial species or "keystone pathogens" 25 are thought to play important roles in modulating the host response and, through interactions with other pathogens, disrupting homeostasis resulting in dysbiosis, causing periodontal disease.
Metagenomics for studying oral microorganisms Current evidence suggests that the human is a "super-organism". More than 10 13 individual microorganisms co-exist with the 10 12 cells in the human body. 41 This collective of microorganisms makes up the human microbiome. Oral microbiota represents a major human microbiome that affects human health because it affects the microbiota at other sites, for example, those of the respiratory and gastrointestinal tracts. To identify and classify uncultivable oral microbial species, many molecular biological techniques have been applied in the past two decades, for example, Restriction Fragment Length Polymorphism (RFLP), 42 Random Amplified Polymorphic DNA fingerprinting (RPAD), 43 Denaturing Gradient Gel Electrophoresis (DGGE), 44 Quantitative Real-time Polymerase Chain Reaction (qPCR), 45 Microarray Chip, 46 and Checkerboard Hybridization 47 and others. 48 Recently, the next generation sequence technologies (NGS) 49 allow the analysis of a large number of microorganisms in different niches without bacterial culture. Several reviews have described results from studies based on NGS technologies in dissecting the microbiome in oral diseases. 8, 12, 24, 48, 50, 51 Many new species of microorganisms have been identified using DNA sequencing to analyze different environmental niches. For example, new species have been identified in samples from the ocean, 52 from a low-complexity microbial biofilm community of acidic water, 53 and from soil. 54 New genes and metabolic pathways have been recognized through precise analysis of these nucleotide sequences.
NGS technologies have dramatically increased sequencing capabilities. There are currently four popular NGS technologies: Roche 454 pyrosequencing, Illumina HiSeq/MiSeq, ABI SOLiD, and Ion Torrent semiconductor sequencers. These NGS technologies have been applied in studies of the human microbiome including studies of the oral microbiome. 55, 56 Additional sequencing technologies are being developed that will further increase DNA sequencing capabilities (such as PacBio, microfluidic, or nanopore technologies) 57 Two basic DNA sequencing approaches have been commonly applied to study uncultivated oral microbial communities-16S rRNA sequence analysis and metagenomics. The former involves sequencing of the conserved 16S rRNA gene. All bacterial 16S rRNA sequences contain conserved regions (most located in stem regions of the palindromic structure) and relatively variable regions (most located in loop regions of the palindromic structure). The conserved regions of 16S rRNA sequences are used to design PCR primers to amplify genes while the sequence differences in the variable regions are used in classification of different bacterial genera. Phylogenetic analysis of these 16S rRNA sequences produces bacterial profiles in oral samples. This method is relatively cost effective and has been used in many oral microbiome studies. 6, 9, 11, [58] [59] [60] [61] [62] [63] [64] Although 16S rRNA sequence analysis is in some ways straightforward, several aspects should be considered in analysis of polymicrobial profiles. First, the choice of primers is important for amplification of 16S rRNA genes. The primers should cover most (if not all) 16S rRNA genes of known bacterial species; this is accomplished by employing degenerate sequences. The amplicons should contain hypervariable regions of the 16S rRNA gene for classification. Different bacterial profiles can be found by using different primer sets. 11 Second, the multiple rounds of PCR amplification that are required in 16S rRNA sequence analysis can affect the abundance of detected operational taxonomic units (OTU) and, therefore, can alter the apparent bacterial community structure. 65 Third, this approach bases classification of bacteria to genera on the sequence of hypervariable regions of the 16S rRNA gene. However, it is sometimes difficult to separate closely related bacterial species or to build precise phylogenetic trees from these sequences due to the conservation of 16S rRNA genes and the high degree complexity of bacterial species in the samples. 66 Finally, 16S rRNA sequence analysis cannot capture DNA segments and variations in bacterial genomes other than 16S rRNA genes. Many of the DNA sequence differences that are missed in 16S rRNA sequence analysis, such as differences that affect metabolic pathways, may be directly related to health or disease, for example, pathogenicity islands, 67 horizontal gene transfer (HGT), 68 or mobile genetic elements. 69 Metagenomics is another DNA sequencing approach that is used to study uncultivated oral microbial communities. In this approach, whole genome shotgun (WGS) sequencing is used. Entire DNA samples are randomly sheared by a "shotgun" method and sequenced by either classical Sanger sequencing or NGS. The comprehensive sequences can then be analyzed to obtain either bacterial profiles based on 16S rRNA genes or genomic profiles based on whole genomes. 54 For obtaining bacterial profiles by metagenomics, the DNA sequences are grouped (binned) by conserved gene sequences (such as 16S rRNA) that are represented in individual genomes of different microorganisms. Metagenomics requires less PCR amplification than 16S rRNA sequence analysis, and therefore, more accurately quantifies individual bacterial species in samples. For obtaining genomic profiles by metagenomics, the shotgun sequence reads are filtered for high-quality sequences, and contaminating human sequences are removed. The filtered sequences are then assembled, based on sequence overlaps, to form longer genomic sequence contigs. Coding sequences in the contigs are identified by computational algorithms. Whole-genome information in the bacterial samples is collected including protein coding regions, RNA genes, repeats, mobile elements, and plasmids. Genes are annotated via data mining and database searches using different algorithms. 70 Abnormal genetic segments that are associated with health or disease conditions, such as pathogenicity islands, plasmids, and genes acquired from HGT can be identified.
Although most current studies employ 16S rRNA sequence analysis because of its low cost and lesser computational requirements, 16S rRNA sequence analysis only provides information on microbial taxa. Metagenomics provides more comprehensive information on the oral microbiome. Metagenomic analysis will become more common in oral microbiology research as improvements in sequencing technologies occur and new algorithms are developed for high-speed computational analysis. New sequencing technologies will produce longer sequence reads, high accuracy, shorter processing times, and significantly reduced costs. Many new computational algorithms will help speed the handling of sequence metadata, allow for rapid searching of multiple databases, efficient data mining, and the integration of different genomic information.
Reference genomes and databases for oral metagenomics
The first complete sequence of a microbial genome was published in 1995. 71 Numerous genomes, including numerous oral pathogens, have been sequenced since with support from the NIH. These completed reference genomes provide prodigious amounts of information for studying oral disease pathogens. All of these genomes are publically available, and can be downloaded from the National Center for Biotechnology Information (NCBI), Human Microbiome Project (HMP), or Human Oral Microbiome Database (HOMD). The current HMP contains a large number (~3000) of reference microbial genomes from different human body sites. The HOMD is a database commonly used for oral microbiology research. There are currently over 300 genomes of oral taxa available in HOMD. These microbial reference genomes allow precise bacterial classification and comparative genomic analysis in oral metagenomics. In addition to the updated set of complete genomes of oral bacterial species, the HOMD database also provides a 16S rRNA gene catalog for bacterial species classification in the human oral cavity. 6, 72 The 16S rRNA gene catalog in the database includes approximately 700 bacterial taxa. Both complete reference genomes and the 16S rRNA gene catalog in the database are essential for metagenomic analysis. The complete genomes provide comprehensive genetic information that can be used in the oral metagenomics for binning of DNA sequences, for annotation of metabolic pathways, and for identification of missed or acquired DNA segments; whereas, the 16S rRNA gene catalog provides information for classification of bacterial profiles.
More complete reference genome sequence projects are underway including the sequencing of genomes from many clinical isolates in comparative genomics and pan-genome studies. The "pan-genome" refers to all genes among the various strains of a bacterial species, and includes both the "core genome", which is present in all strains, and the "disposable genome", which is not present in all strains. It is hypothesized that these genome variations are key components permitting adaptive evolution of microorganisms. 73 Comparisons of genomes of multiple clinical isolates have been used to identify virulence factors, to associate their geographic and epidemiological relationships, and to study bacterial evolution. For example, genomes of several clinical isolates of S. mutans were compared in a study of evolutionary selection of this caries-causing pathogen by associating their genetic variations with demographic history. 74 All isolates of S. mutans analyzed shared a core genome of ~1500 genes. A large number of genes belonging to the disposable genome, which were not present in all isolates, were identified in the pan-genome. The pangenome contained more than twice the number of genes in the core-genome. Comparison of the genomic sequences suggested that the S. mutans population increased dramatically starting about 10 000 y ago, which corresponds to the time when human agriculture started. Although most evolutionary selection was negative, 14 genes that were related to sugar metabolism and acid tolerance were under positive evolutionary selection. Additional oral pan-genome projects are underway; for example, genomes of clinical isolates of S. sobrinus are currently being sequenced at the J Craig Venter Institute, and genomes of clinical isolates of S. sanguinis have been sequenced at Baylor College of Medicine. The comparison of closely related isolates will be useful in identifying common ancestries, revealing differences in gene content, and elucidating the role of environmental stresses on genome evolution.
Metagenomics provides insight of bacterial profiles
Metagenomic approaches have been applied to analysis of bacterial profiles in the oral microbiome. Metagenomic analysis permits longer, even full-length, 16S rRNA genes to be assembled from sequences and used for classification of bacterial species. The longer 16S rRNA genes obtained from these assembled sequences through metagenomic analysis permit precise taxonomic analysis of bacterial species compared with the much shorter amplicons of specific regions (~400 bp) of 16S rRNA genes obtained in 16S rRNA sequence analysis. In addition, the ability to use all loci in the classification of bacterial species by metagenomics provides for more precise taxonomy. One caveat regarding metagenomic analysis is that sequences have been obtained for far fewer bacterial isolates than are available from 16S rRNA sequence analysis. Thus, because of the limited number of bacterial isolates and the limited number of patient samples, metagenomic analysis may have less power to associate bacterial species with diseases.
Bacterial profiles have been examined in several metagenomics studies. Xie and colleagues examined biofilm samples from a caries-free, periodontally healthy, subject by metagenomics, and identified 12 well characterized phyla, including members of the TM-7 and BRC1 clades from a total of 860 megabases (Mb) of sequence. 75 Both pathogens and opportunistic pathogens were found in the samples supporting the ecological plaque hypothesis of oral diseases. 75 In a comparison of 15 subgingival plaque samples from two periodontitis patients and three healthy individuals using metagenomics, Liu and colleagues 10 found that the disease samples shared a similar bacterial species cluster that was different from the completely healthy samples suggesting that the disease state occupied a narrow region within the space of possible configurations of the oral microbiome. They observed a shift in the oral bacterial composition from a gram-positive dominated community in the healthy subject to a gram-negative dominated community in periodontal disease. 10 The shift in bacterial species from gram-positive to gram-negative confirmed previous findings using different molecular biological methods. 39 Liu and colleagues also observed higher bacterial diversity in the diseased samples than in the healthy samples, which confirmed results obtained using 16S rRNA sequence analysis. 59 In a metagenomic analysis, Wang and colleagues analyzed 16 periodontal samples including 5 swab samples from three healthy, plaque-free subjects and two periodontal patients and 11 dental plaque samples from six healthy subjects and five periodontal patients. These samples represented four periodontal groups: swab of periodontal disease group (H-1), plaque of periodontal disease group (H-2), swab of healthy periodontal tissue group (Z), and plaque of healthy periodontal tissue group (PZ). 76 They found a strong correlation between bacterial community structure and disease status, and identified numerous novel microbial inhabitants. They also examined FimA type, an important biofilm gene involved in interactions of P. gingivalis with other microorganisms. They found that the most prevalent P. gingivalis FimA was type II, which is consistent with previous studies. 77 They observed that Prevotella species were widely present in both healthy and disease samples. Although some species, such as P. nigrescens (ATCC 33563), P. sp. oral taxon 472, and P. sp. oral taxon 317, were found to be more prevalent in the healthy group, a wider Prevotella taxa was observed in plaques of the periodontal disease group (H-2) than in the healthy group (PZ). These results indicate that a precise classification of bacterial taxa, for example to the species level or better, is necessary to understand the association of the microbiome with oral health conditions. Belda-Ferre and colleagues employed a metagenomic approach to compare bacterial profiles in 6 supragingival dental plaque samples (from six subjects-two healthy, two with a low number of active caries, and two with a high number of active caries) and in two cavity samples from which sufficient DNA for sequencing was obtained. They found that the array of bacterial species in the caries samples differed from the array of bacteria found in healthy individuals. 78 Bacilli and Gammaproteobacteria were more common in the healthy samples-whereas, some typically anaerobic taxa like Clostridiales and Bacteroidetes were more common in the caries samples. It is interesting that higher levels of Streptococcus sanguinis and Aggregatibacter sp. were found in the healthy samples-whereas, higher levels of Streptococcus gordonii and Leptotrichia buccalis were found in the caries samples. They also found that strains of Veillonella parvula were present in all samples but were more abundant in the caries samples. The bacterial profile analysis indicated that tooth cavities were almost complete absent of S. mutans, the originally identified etiological agent, but by a complex community formed of numerous bacterial species including the most common genera, Veillonella, Corynebacterium or Leptotrichia. 78 They proposed that S. mutans might initiate caries and interact with other bacterial species and other species could colonize the niche leading to disease development. For example, it was previously reported the synergistic effect of S. mutans and Veillonella alcalescens in which the mixture of both species produced more acid than either one of them separately. 79 The analysis also found that diversity of the bacterial community diminished as caries advanced. Individuals who have never suffered from dental caries do not have mutans streptococci but have high recruitment of other species such as S. sanguinis. 78 This finding is consistent with a previously reported analysis showing reduced bacterial diversity concomitant with caries development. 80 The reduction in bacterial diversity in caries development may result not only from the harsh acidic environmental but may also be caused by antagonistic factors, such as the mutacins produced by acid tolerant S. mutans.
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Metagenomics identifies specific metabolic pathways and genes associated with oral disease
To compare metabolism in bacterial communities between healthy and periodontal disease samples, Liu and colleagues examined metabolic pathways by metagenomics. 10 Sequence reads were assembled into contigs, which were then annotated and assigned to metabolic functions using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database. 10 The metabolic pathway analysis indicated different metabolic profiles between healthy and disease samples. The periodontal disease samples were enriched in metabolic pathway genes associated with "a parasitic lifestyle", such as for utilization of degraded nutrients from lysed host cells and other bacterial cells, genes associated with an intracellular lifestyle, such as for fatty acid metabolism, and genes associated with an anaerobic environment lifestyle, such as for ferredoxin oxidation, acetyl-CoA degradation, and energy-coupling factor class transporters. 10 Several pathways were found to be enriched in the healthy samples including fatty acid biosynthesis, aspartate metabolism, and glycerol-3-phosphate metabolism. Certain fatty acids have been reported to have a protective role in periodontal health. 82, 83 An interesting finding in the analysis by Liu et al. was enrichment for genes involved in homoserine metabolism in healthy samples. Homoserine is a signaling molecule for quorum sensing (a bacterial system of stimulus and response correlated with environmental population density).This result suggests that vigorous metabolic activity for quorum sensing occurs within the healthy microbiome. 10 Wang and colleagues also compared metabolic pathway genes between healthy samples and periodontal disease samples. In the subgingival plaques of chronic periodontal patients, they observed under-representation of genes for carbohydrate metabolism, amino acid metabolism, energy metabolism, lipid metabolism, membrane transport, and signal transduction but over-representation of genes for glycan biosynthesis and cell motility. 76 Liu and colleagues found that a number of genes for virulence factors, such as type IV secretion systems and the lipid-A of lipopolysaccharide (LPS) biosynthesis, were enriched in the periodontal disease samples.
10 LPS (endotoxin) is a major constituent of the cell wall of gram-negative bacteria and a well-known virulence factor involved in oral disease. 84 Similarly, Wang and colleagues also found a number of virulence factor genes in periodontal samples including genes for LPS and collagenase PrtC protein. Wang and colleagues also observed significant differences in occurrence of several genes between healthy tissues and periodontal disease samples; these included genes for membrane transport, signal transduction, and cell motility. 76 For example, they found that almost all genes involved in bacterial chemotaxis were significantly overrepresented in the supragingival biofilm of periodontal disease samples. They also found a high number of flagellar assembly-related genes in periodontal disease samples. They proposed that the presence of these genes indicated that active motility and colonization were occurring in the periodontal microbiome.
Belda-Ferre and colleagues found more genes for mixed-acid fermentation and DNA uptake (or competence) in samples from active caries 78 ; whereas, they found more genes for antibacterial peptides, periplasmic stress response genes, capsular, and extracellular polysaccharides, and bacitracin stress response genes in samples from healthy periodontal tissues. 78 Above metagenomic studies suggest that particular metabolic pathways and specific genes are associated with oral diseases although further in-depth studies are required to confirm the conclusions. Some of these genes may become new diagnostic markers for clinical analysis.
Xie and colleagues found many resistance genes for antibiotics and toxic compounds (representing 2.8% of the total predicted genes coding for proteins) in oral biofilm samples. 75 Among these were antibiotic resistance genes for the major classes of antibiotics and for different resistant mechanisms, such as β-lactams, aminoglycosides, fluoroquinolones, and the peptide antibiotic bacitracin, but also genes for general multidrug or heavy-metal resistance functions, such as efflux pumps. Liu and colleagues also found a number of genes related to antibiotic and metal resistance (mercury and cobalt-zinc-cadmium). 10 The occurrence of these various resistance genes identified in the oral cavity implies that the oral microbiota is an important gene pool for antibiotic resistance in the human microbiome.
Metagenomics links bacterial species with metabolic pathways
Belda-Ferre and colleagues compared both bacterial profiles and genomic profiles between caries and healthy samples in an effort to elucidate specific functions played by individual bacterial species in caries. 78 They examined gene categories by Clusters of Orthologous Groups (COG), and found that gene categories were not equally distributed. Specific taxonomic groups were associated with specific functions. For example, more genes for defense mechanisms, signal transduction, and carbohydrate metabolism were found in Bacilli, while more genes for cell motility were found in Clostridia. The different distributions of functional genes may explain the different bacterial species associated with healthy tissues (Bacilli) or with caries (Clostridia). They suggested that the dental biofilm from individuals who have never suffered from caries may represent a genetic reservoir of new anti-caries compounds and probiotics. 78 One well-known example in the oral cavity is the competition between S. sanguinis and S. mutans, 85 in which S. sanguinis produces H 2 O 2 , which inhibits S. mutans, while S. mutans produces mutacins, which inhibit S. sanguinis. 86, 87 By deeper sequence analysis, Belda-Ferre and colleagues found that genomic sequences of V. parvula strains differed between samples from healthy periodontal tissues and samples from caries. 78 The Veillonella strains in the caries samples contained a DNA region in a genomic island that included CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-associated protein genes, hypothetical protein genes, a gene encoding protein for DNA uptake, and a gene encoding amidophosphoribosyltransferase. However, the Veillonella strains in the two healthy samples did not contain this region. 78 This result suggests that these different genomic regions may be related to caries.
Metagenomics for Research of the Oral Microbiome
Advanced technologies can be used for studying the oral microbiome Metagenomics produce a large amount of genomic information for oral microbiome. Several advanced technologies can be used in this investigation. Figure 1 indicates the relationship of metagenomics to different "omics" methods. The central dogma of molecular biology is DNA to RNA to protein (and to metabolites). Based on genomic information from metagenomics, multiple "omics" approaches will collect massive data and provide different molecule profiles for systems biology analysis. Systems biology is an approach to integrate comprehensive interactions of biological systems and study all components as a whole to discover emergent properties. Several advanced "omics" technologies have been used to investigate molecular activities in microbiome. For example, metaproteomics was used to examine a pooled salivary supernatant from six healthy subjects. 88 In the future, we anticipate more advanced "omics" technologies will be used to provide complementary biologic data of metagenomics for studying the oral microbiome. Ultimately, by integrating different data sets using systems biology, the precise effects of the microbiome on the host will be ascertained (Fig. 1) .
Key points in associating oral health and disease by metagenomics
There are several key points that affect oral metagenomic analysis. The first is DNA sequencing. 49 Although many improvements have occurred in NGS, current sequencing projects for oral metagenomics remain costly and time consuming. Metagenomics requires much higher sequence coverage than 16S rRNA sequence analysis; whole bacterial genomes average 1.5 to 9.5 Mb compared with 1.5 kb of 16S rRNA genes. 89 There is a tradeoff between the length of sequences and the cost. Current sequence reads of NGS are short compared with reads from the Sanger sequencing method. Longer sequence reads will be useful in sequence assembly, data mining, and gene annotation. This key point also includes the preparation of DNA samples for oral metagenomics. DNA preparation has potential to introduce multiple biases that may affect the final results. Representative DNA should be isolated from equally broken cells of different bacterial species. DNA preparation procedures for bacteria, eukaryotes, archaea, and viruses are different. High quality and sufficient quantity of DNA samples are required for obtaining high coverage required for metagenomics. In currently reported metagenomic studies, from 50% to 90% of sequences represent human contaminants even though precautionary steps have been taken. 56 It is important to reduce contaminating host DNA, and efforts have been made in this regard. 90 A second key point is the collection of patient samples and the study design for oral metagenomics. The oral microbiome varies by location and differs significantly among different locations such as tooth surface, tongue, hard palate, supragingival, or subgingival sites. Human activities and behaviors, such as smoking, diet, brushing or flossing of teeth, also alter the oral microbiome. A detailed protocol for sample collection and preparation for dental metagenomics has been presented by Mullany and colleagues. 91 The sample collection procedures depend on the research goals. For example, caries biofilm samples should be precisely collected from tooth sites without contamination from subgingival sites-whereas, periodontitis samples should be collected carefully to reduce human DNA contamination. Sample collection devices may also result in different microbiome compositions, e.g., cotton swab or loop-like device for supragingival samples. Many current reports are based on a small number of samples that may not adequately describe the different environments within the oral cavity. Thus, some of the differences between diseased and healthy tissues previously reported may represent other differences within the oral cavity, rather than differences between diseased and healthy tissue.
A third key point is handling large data sets and performing computational analyses. 92 A much larger sequence data set has to be handled in metagenomic analysis than in 16S rRNA sequence analysis. Dramatic increases are expected in the amounts of sequence data to be produced and analyzed in the near future resulting from the development of new sequencing technologies. Larger data sets require more storage capacity and higher transfer speed. The amount of computational analysis required will similarly increase. New algorithms for computational analysis have been and will be developed. One of the obstacles in the computational analyses is to properly assigning new sequences or new genes that are absent in current databases.
The final key point is to associate metagenomics with disease. As indicated in Figure 2 , different interactions will affect the composition of the oral microbiome. In addition to issues noted above including numbers of human subjects collected, variations in sample processing, or collection location, there is the fact that new genes identified in metagenomic analysis cannot necessarily be annotated to metabolic pathways. All of these variations present a challenge for reliably associating metagenomic data with oral diseases. Well-designed experiments, sufficient numbers of patient samples, adequate sequence coverage, reliable annotations of gene functions and metabolic pathways, and powerful statistical analysis are essential.
Opportunities in oral metagenomics
The prospects for important contributions from oral metagenomics toward understanding oral disease are many. First, metagenomics promises to provide reliable bacterial profiles unencumbered by the biases inherent in culture-dependent microbiologic methods or PCR-dependent molecular biologic methods. Bacterial profiles will help to identify "keystone" microorganisms in oral diseases. The healthy bacterial profile may be used to build new therapeutic treatments or to manipulate the oral microbiome by introducing probiotic microorganisms or by selectively inhibiting "keystone" pathogens. Second, many reference genomes will be assembled or completed. Multiple genomes can be compared with study microbial genome evolution. The reference genomes of new oral microorganisms will provide chances to study the roles of these microorganisms precisely in the oral cavity. Third, metagenomics will identify new genes or genetic variations (e.g., pathogenicity islands, HGT) that may be associated with oral diseases. Disease-related genetic variations may be used to develop new diagnostic markers for clinical applications. Finally, bacterial profiles can be associated with genomic profiles through metagenomics to understand which microorganism(s) and which genes or metabolic pathways play keystone functions in dysbiosis of oral disease.
Conclusion
Metagenomics is in an early stage of application to the oral microbiome. However, both bacterial profiles and genomic profiles can be examined and compared in metagenomics to study relationships between microbial diversity, genetic variations, and oral diseases. Current data suggest deep complexity of the oral microbiome. We propose a model in which three levels of interactions are involved in the oral community and, consequently, determine oral health or disease (Fig. 2) . The first level includes the molecular interactions among biological molecules, such as DNA, RNA, protein, and metabolites. These molecules interact with each other intracellularly or intercellularly in bacterial cells, and determine microbial growth. The second level includes biological interactions between microbes and microbes and host, such as neutralism, amensalism, antagonism, mutualism, commensalism, or parasitism. The different biological interactions shape the composition of the oral microbiome. The third level includes the relationship of microorganisms with the oral environment. For example, oral environmental changes, such as high-sugar diet, low-pH, smoking, and fluoride use, may affect oral microbial diversity. These three levels of interactions work together to determine the microbiome and to affect pathogen capacities. Oral health or disease is a consequence of the effects of the microbiome on the host. A systems biology approach is required to explain the complex interactions of microbiome and host. The advances in metagenomics will lead the way for understanding oral disease.
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